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China's  C02  emissions  have  sharply  increased  in  recent  years  with  soaring  economic  development  and 
urbanization.  Consumption-based  accounting  of  C02  emissions  could  provide  new  insights  for  allocating 
regional  mitigation  responsibility  and  curbing  the  emissions.  A  multi-regional  input-output  model  is 
used  to  study  the  trends  and  disparities  of  consumption-based  emissions  from  Chinese  provinces  during 
the  period  2002-2007.  Results  show  that  China’s  consumption-based  C02  emissions  grew  from  3549  Mt 
in  2002  to  5403  Mt  in  2007  with  an  annual  average  growth  rate  of  8.8%.  The  annual  growth  rate  in  the 
richer  eastern  region  was  over  10%  because  of  a  rapid  increase  in  capital  investment  and  the  growth  of 
urban  consumption.  Consumption-based  C02  emissions  embodied  in  interprovincial  trades  contributed 
only  10%  (351  Mt)  to  the  national  total  of  such  emissions  in  2002,  but  16%  (864  Mt)  in  2007.  Given  low 
per  capita  emissions  currently,  China's  consumption-based  emissions  have  much  room  to  grow  because 
of  further  development  of  urbanization  and  stimulation  of  domestic  demand.  The  government  should 
pay  greater  attention  to  controlling  C02  emissions  from  a  consumption-based  perspective. 
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1.  Introduction 

China  has  become  the  largest  global  C02  emitter  in  terms  of 
emissions  [1],  and  the  second  largest  C02  emitter  according  to 
consumption-based  accounting  [2],  Before  the  Copenhagen  United 
Nations  climate  change  conference  in  December  of  2009,  the 
Chinese  government  committed  to  reduce  C02  emission  per  unit 
of  gross  domestic  product  (GDP)  in  2020  by  40-45%  below  the 
2005  level  according  to  production-based  C02  accounting  [3], 
Consistent  with  this  commitment,  in  January  of  2012  China’s  State 
Council  issued  the  12th  Five  Year  Plan  that  included  controls  on 
GHG  emissions.  It  required  a  reduction  in  C02  emissions  per  unit 
of  GDP  (or  emissions  intensity)  of  17%  from  2010  to  2015, 
allocating  the  national  target  down  to  31  provinces.  However, 
given  that  China  shows  a  large  positive  net  export  goods  [2]  and 
an  increasing  improvement  of  urbanization  [4],  both  production- 
based  and  consumption-based  C02  emissions  have  been  increas¬ 
ing  rapidly  for  the  last  decade  [2],  China’s  C02  mitigation  efforts 
should  consider  both  production  and  consumption  perspectives  to 
realize  these  targets  [5,6], 

Prior  studies  have  investigated  national  consumption-based  C02 
emissions  by  treating  China  as  a  homogeneous  national  entity  [2], 
However,  China  is  a  vast  countiy  with  substantial  regional  variations 
in  physical  geography,  economic  development,  infrastructure,  popula¬ 
tion  density,  and  lifestyles  [7,8],  There  are  in  particular  pronounced 
differences  in  economic  structure,  available  technologies,  energy 
characteristics  and  consumption  levels  among  the  well-developed 
eastern  provinces  and  the  less-developed  central  and  western  pro¬ 
vinces  [4],  resulting  in  large  inter-provincial  trade  transfers  of  energy 
and  other  goods.  This  leads  to  large  variations  in  consumption-based 
emissions  among  China’s  provinces.  It  is  crucial  to  analyze  consum¬ 
ption-based  C02  emissions  at  the  provincial  level  to  support  the 
implementation  of  provincial-level  environmental  policies  [9],  as  well 
as  the  allocation  of  national  C02  mitigation  targets  to  the  various 
provinces. 

An  environmental  input-output  (EIO)  model  is  commonly  used  to 
analyze  the  embodied  C02  emissions  in  trade  [10],  Fundamental 
concepts  and  theories  of  input-output  (IO)  analysis  can  date  back  to 
Leontiefs  development  in  the  1930s  [11],  which  has  been  applied  to 
describe  and  analyze  economic  environmental  relationships  since 
the  1960s  [12],  The  main  idea  of  this  method  is  to  extend  the  IO 
model  by  multiplying  C02  emissions  factor  which  can  be  regard  as  a 
satellite  account.  This  technique  has  been  widely  used  to  assess 
carbon  leakage  issues  at  the  global  [2],  national  [5,13,14],  and 
provincial  level  [7,15,16], 

Following  the  compilation  of  China’s  multiregional  input-output 
(MRIO)  models  for  2002  and  2007  [17,18]  as  well  as  single-regional 
IO  tables  for  Chinese  provinces  for  the  same  years,  scholars  have 
analyzed  provincial  C02  emissions  embodied  in  international  and 
interprovincial  trade  based  on  the  local  production  chain  [7],  driving 
forces  identified  by  structural  decomposition  analysis  [4,19-21  ],  and 
inter-regional  C02  emission  spillover  [8,22].  However,  systematic 
analyses  of  the  temporal  and  spatial  variations  in  consumption- 
based  C02  emissions  in  China  have  not  been  conducted.  Such 
analyses  can  identify  emission  features  and  the  factors  influencing 
consumption-based  C02  emissions  at  the  regional  level,  better 
informing  China’s  C02  emission  mitigation  policies. 

In  this  paper,  we  used  China’s  30-province  MRIO  models  in  2002 
and  2007  to  show  the  changing  trends  and  disparities  among 
provincial  consumption-based  emissions,  including  those  embodied 


in  interprovincial  trade,  emission  intensities,  and  per  capita 
emissions.  The  results  of  this  study  provide  compelling  evidence 
for  policy  makers  to  manage  consumption  patterns  in  order  to 
establish  effective  C02  mitigation  policies. 


2.  Methodology  and  data 

Provincial  consumption-based  C02  emissions  are  composed  of 
emissions  from  local  product  consumption,  interprovincial  and 
international  imports,  and  direct  household  energy  consumption. 
A  provincial-level  MRIO  model  was  adopted  to  calculate  each 
province’s  C02  emissions  caused  by  local  product  consumption 
and  interprovincial  imports  (i.e„  domestic  supply  chains).  Emis¬ 
sions  embodied  in  international  imports  were  previously  reported 
to  be  relatively  small  for  China  [23].  This  allows  simplification  of 
the  calculations  by  adopting  the  Peters  et  al.  [2]  method  of 
estimating  each  province’s  C02  emissions  embodied  in  interna¬ 
tional  imports  (Appendix  A  in  the  Supplementary  Content  (SC)). 

Direct  household  C02  emissions  from  cooking,  heating,  appli¬ 
ance  use,  and  other  activities  have  not  usually  been  considered 
when  applying  input-output  theory  to  calculate  consumption- 
based  emissions  in  previous  studies  [24],  However,  these  emis¬ 
sions  roughly  account  for  5%  of  total  C02  emissions  from  fossil  fuel 
burning  in  China  according  to  our  calculations  (Tables  A.l  and  A.2), 
and  approximately  1%  at  the  global  level  [25],  Therefore,  C02 
emissions  from  direct  household  energy  consumption  are  included 
in  our  provincial  consumption-based  estimates,  using  the  guide¬ 
line  of  1PCC  [26], 

2.2.  Provincial  C02  emissions  inventories 

Provincial  C02  emissions  inventories  include  emissions  from 
both  fuel  combustion  and  the  calcination  process  of  cement 
production.  The  emissions  were  calculated  based  on  provincial 
rather  than  national  level  energy  statistics  [27,28],  as  these  more 
closely  represent  energy  consumption  of  each  province  in  China 
[9],  1PCC  recommended  approaches  were  adopted  to  calculate  C02 
emissions  by  economic  sector. 

In  calculating  C02  emissions  from  energy  usage  by  sectors,  we 
avoid  double  counting  by  eliminating  transformation  of  energy  in 
coke  making,  oil  refining,  coal  cleaning,  gas  processing  and  coal 
products  processing.  The  emission  factor  for  each  energy  type  was 
adopted  from  the  localized  values  recommended  by  IPCC  [29,30], 
More  details  of  C02  emissions  inventories  of  industrial  sectors  can  be 
seen  in  Appendix  B  in  the  SC.  Process  emissions  of  C02  from  cement 
production  were  calculated  based  on  the  volume  of  provincial 
clinker  production  [31,32],  using  the  IPCC  default  value  for  the 
emissions  factor.  For  more  details,  see  our  previous  results  [30], 

2.2.  Environmentally-extended  MRIO  model 

Provincial  MRIO  models  for  2002  [17]  and  2007  [18]  endogen¬ 
ously  calculate  not  only  output  specific  to  one  province,  but  also 
outputs  from  all  other  provinces  that  arise  from  interprovincial 
trade  in  intermediate  products.  The  interprovincial  MRIO  model 
includes  30  provinces  and  municipalities  (Tibet,  Taiwan,  Hong 
Kong,  and  Macao  were  not  included  here).  All  MRIO  data  are  in 
current  prices. 
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The  provincial-level  MRIO  models  have  slightly  different  eco¬ 
nomic  sector  classifications  for  various  years,  with  21  sectors  for 
2002  and  30  sectors  for  2007.  The  provincial  energy  consumption 
by  economic  sector  for  2002  and  2007  were  respectively  inte¬ 
grated  to  match  the  sectors  of  the  MRIO  for  these  two  years.  To 
facilitate  certain  comparative  analyses  presented  below,  we 
further  integrated  the  results  for  both  years  into  8  sectors 
(Tables  A.3  and  A.4). 

The  MRIO  tables  have  a  column  called  “others”,  which  is  regarded 
as  an  error  term  representing  different  data  sources  [14,33-36],  This 
error  term  is  omitted  in  the  calculations  of  output.  Thus,  the  newly 
calculating  output  equals  the  sum  of  the  intermediate  flows  and  the 
final  demand,  and  is  used  to  normalize  the  MRIO  and  emissions  data. 
Because  the  MRIO  in  2002  is  a  competitive  IO  model,  respectively 
including  import  values  in  intermediate  input  and  final  demand 
matrices,  to  independently  account  for  the  embodied  emissions  from 
domestic  production,  the  import  value  for  each  item  was  removed 
according  to  the  method  of  Weber  et  al.  [37].  Further  details  of  the 
MRIO  model  appear  in  Appendix  C  in  the  SC. 

To  calculate  the  provincial  consumption-based  C02  emissions 
from  domestic  supply  chains,  the  MRIO  model  was  environmen¬ 
tally  extended  by  using  C02  emissions  per  unit  of  economic  output 
as  a  satellite  account: 

Ed  =  diog[F(I-A)^1]yd  cons  (1) 
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where  Ed  is  total  consumption-based  C02  emissions  of  province, 
r,  from  domestic  supply  chains;  F  is  the  row  matrix  of  satellite 
account  composed  of  ff  which  is  accounted  by  dividing  C02 
emissions  (CEj)  of  sector,  i,  with  its’  economic  output  (EOj)  in 
province,  j.  I  is  the  identity  matrix,  and  (/-A)-1  is  the  Leontief 
inverse  matrix  [38],  More  details  about  A  appear  in  Appendix  C  in  the 
S C.yrd  cons  is  the  final  consumption,  including  households  (the  sum 
of  rural  (rur)  and  urban  (urb)  households),  government  (gov)  and 
capital  investment  (cap)).  Domestic  supply  chains  in  each  province, 
r,  can  be  expressed  as: 
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where  yrr  is  the  provincial  final  consumption  that  directly  comes 
from  local  provincial  products.  Thus,  the  consumption-based  emis¬ 
sions  from  domestic  supply  chains  for  a  particular  province  consist  of 
those  resulting  from  household  (urban  and  rural)  consumption, 
government  consumption,  and  capital  formation.  Moreover,  each  of 
these  categories  includes  emissions  embodied  in  local  consumption 
of  products  from  the  same  province,  interprovincial  imports,  and 
international  imports. 

Er  =  Ed+Erh  (4) 

E'h  is  C02  emissions  from  the  direct  household  energy  consumption 
of  province,  r,  which  is  from  provincial  C02  emissions  inventories. 
Consequently,  the  consumption-based  emissions  for  a  particular 
province  (£r)  in  this  paper  equals  to  those  resulting  from  domestic 
supply  chains  plus  direct  household  energy  consumption. 


3.  Results 

3.1.  Overall  variations  and  provincial  contributions 

Consumption-based  C02  emissions  grew  from  3549  Mt  in  2002  to 
5403  Mt  in  2007,  with  an  annual  growth  rate  of  8.8%.  This  is  slightly 
less  than  the  growth  rate  of  production-based  C02  emissions  at  the 
national  level  (10.8%  per  year)  (Table  A.5).  Such  emissions  increased 
in  most  provinces  because  of  the  rapid  socio-economic  development 
and  improvement  of  living  conditions  during  2002-2007.  In  order  to 
facilitate  reporting  and  discussion  of  the  results,  the  30  Chinese 
provinces  and  municipalities  are  grouped  into  an  eastern  region  (ER), 
central  region  (CR),  western  region  (WR),  and  northeastern  region 
(NER),  according  to  their  geographic  position  and  levels  of  economic 
development  (Fig.  1 ). 

In  the  developed  ER,  consumption-based  C02  emissions  increased 
by  more  than  10%  per  year  for  most  provinces  from  2002  to  2007, 
including  Jiangsu  (increasing  135  Mt  with  an  annual  growth  rate  at 
13%),  Zhejiang  (201  Mt,  22%),  Shandong  (240  Mt,  15%),  and  Guang¬ 
dong  (138  Mt,  11%).  Comparable  growth  also  occurred  in  rapidly 
developing  provinces  of  other  regions,  such  as  Hubei  (77  Mt,  10%), 
Hunan  (79  Mt,  12%),  Chongqing  (39  Mt,  9%),  and  in  populous 
provinces  such  as  in  Sichuan  (106  Mt,  14%)  and  Henan  (83  Mt,  8%) 
(Fig.  1  and  Table  A.5). 

In  contrast,  the  rates  of  growth  of  consumption-based  C02 
emissions  were  relatively  small  in  economically  lagging  and  sparsely 
populated  provinces  in  the  WR  [7],  with  Qinghai  and  Gansu  even 
showing  negative  growth  (Fig.  1).  Moreover,  the  absolute  levels  of 
consumption-based  C02  emissions  were  very  small  in  these  pro¬ 
vinces.  Qinghai,  for  example,  had  the  smallest  consumption-based 
C02  emissions  (27  Mt  in  2007),  about  one  twentieth  that  of  Shan¬ 
dong  in  the  ER,  which  had  the  largest  such  emissions  (478  Mt  in 
2007)  (Table  A.5). 

At  the  national  level,  the  share  of  consumption-based  C02  emis¬ 
sions  from  capital  formation  showed  a  slight  decrease,  from  50%  of  the 
total  in  2002  to  49%  in  2007.  The  share  of  C02  emissions  from 
household  (rural  and  urban)  consumption  slightly  increased,  from  31% 
to  32%.  C02  emissions  from  government  consumption  accounted  for 
approximately  7%  of  the  national  total,  and  those  from  direct  house¬ 
hold  energy  consumption  and  international  imports  accounted  for  the 
other  12%  of  emissions.  The  consumption-based  C02  emissions  caused 
by  capital  formation  and  household  consumption  are  discussed  in  the 
following  sections  because  of  their  great  impacts  on  total  consum¬ 
ption-based  C02  emissions  (Tables  A.land  A.2). 


3.1.1.  Consumption-based  C02  emissions  caused  by  capital  formation 
(CCEC) 

CCEC  increased  by  868  Mt  (47%  of  the  total  increment  of  the 
consumption-based  C02  emissions)  (Table  A.6)  because  of  the  rapid 
expansion  of  capital  formation  in  China  during  2002-2007,  increas¬ 
ing  from  42%  to  49%  of  total  GDP.  At  the  provincial  level,  the  largest 
increases  of  CCEC  occurred  in  the  developed  ER  during  this  period, 
including  Zhejiang  (151  Mt,  with  an  annual  growth  rate  of  30%), 
Shandong  (134  Mt,  15%),  Jiangsu  (112  Mt,  17%),  Guangdong  (78  Mt, 
13%),  and  Beijing  (33  Mt,  12%).  Also,  the  relatively  developed  and 
populous  provinces  in  other  regions  showed  similarly  large  increases 
of  the  CCEC,  such  as  Jilin  (74  Mt,  with  an  annual  growth  rate  of  78%), 
Liaoning  (44  Mt,  12%),  Hubei  (52  Mt,  15%),  Jiangxi  (36  Mt,  12%), 
Sichuan  (72  Mt,  22%),  and  Henan  (55  Mt,  10%)  (Fig.  2a). 

The  construction  and  machinery  &  equipment  (ME)  sectors  were 
the  main  causes  of  growth  in  provincial  CCEC  from  2002  to  2007 
(Fig.  2b).  This  was  due  to  China’s  policies  to  stimulate  the  domestic 
economy  during  the  same  period,  particularly  policies  regarding  land 
and  credit.  In  contrast  to  other  developed  countries,  China’s  capital 
formation  policy  mainly  focuses  on  development  of  transportation 
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Fig.  1.  Annual  growth  rate  of  consumption-based  C02  emissions  for  each  province  during  2002-2007,  the  different  colors  of  the  map  show  the  different  regions. 
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Fig.  2.  The  10  provinces  with  the  largest  increments  of  consumption-based  C02  emissions  caused  by  capital  formation  (CCEC)  from  2002  to  2007:  (a)  size  of  the  emission 
increments,  color-coded  by  per  capita  gross  domestic  product  with  relatively  rich  provinces  in  red  and  relatively  poor  ones  in  blue;  (b)  sector  shares  of  the  incremental  CCEC. 
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infrastructure  (e.g.,  rail  and  metro  projects)  and  commercial  con¬ 
struction,  both  of  which  use  a  lot  of  energy-intensive  materials  such 
as  steel  and  cement,  resulting  in  high  C02  emissions.  Capital 
investment  in  service  industries,  such  as  information  technology 
and  real  estate,  accounted  for  a  relatively  small  share  of  the  total 
increment  of  CCEC  from  2002  to  2007. 


3.1.2.  Consumption-based  C02  emissions  caused  by  household 
consumption  (CCEH) 

CCEH  contributed  more  than  30%  to  total  consumption-based  C02 
emissions  during  2002-2007  (Tables  A.l  and  A.2).  However,  consum¬ 
ption-based  C02  emissions  caused  by  rural  consumption  (CCER) 
decreased  for  most  provinces  because  of  rapid  mral-to-urban  migra¬ 
tion  as  part  of  larger  urbanization  trends  in  China  since  2000  [39] 
(Tables  A.6  and  A.1).  Accordingly,  China’s  urban  population  has 
expanded  from  39%  to  45%  of  the  national  population  and  per  capita 
consumption  increased  from  892  USD  to  1558  USD  during  the  period 
2002-2007  [40,41],  This  leads  to  an  increase  in  consumption-based 
C02  emissions  caused  by  urban  consumption  (CCEU)  of  737  Mt,  which 
contributed  40%  to  the  total  increase  of  consumption-based  C02 
emissions  (Table  A.6). 

The  rich  and  developed  eastern  coastal  provinces  showed  the 
largest  increases  of  CCEU,  such  as  Guangdong,  Shandong,  Shang¬ 
hai,  Zhejiang,  Hebei,  and  Tianjin.  For  example,  the  CCEU  of 
Guangdong  reached  110  Mt  in  2007,  which  is  almost  5  times  that 
in  2002  (23  Mt).  The  same  phenomenon  is  found  in  many  upper- 
medium  income  provinces  in  the  central  economic  zones,  such  as 
in  Hunan  and  Hubei  (Fig.  3). 

CCEU  for  most  provinces  resulted  mainly  from  sectors  closely 
linked  with  people’s  livelihood,  such  as  consumption  of  food,  clothing, 
electricity,  heating,  gas,  and  other  household  services.  The  food  share 
of  the  total  CCEU  was  relatively  stable  from  2002  to  2007,  and  share 
for  textiles  and  clothing  even  decreased  a  little  in  most  Chinese 
provinces.  In  contrast,  the  combined  share  for  electricity,  heating,  gas, 
and  water  (EHGW)  of  the  total  CCEU  increased.  For  example,  in 
Chongqing,  the  share  of  emissions  for  textiles  and  clothing  of  total 
CCEU  decreased  from  19%  to  7%  from  2002  to  2007,  while  the  share 
for  EHGW-related  emissions  increased  from  7%  to  22%  (Fig.  4).  This 
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Fig.  3.  The  10  provinces  with  the  largest  increments  of  consumption-based  C02 
emissions  caused  by  urban  consumption  (CCEU)  from  2002  to  2007,  color-coded  by 
per  capita  gross  domestic  product. 
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Fig.  4.  Contributions  of  sectors  to  consumption-based  C02  emissions  caused  by 
urban  consumption  (CCEU)  in  2002  and  2007. 

was  not  solely  due  to  the  rapid  growth  in  ownership  and  use  of 
energy-  and  water-consuming  appliances,  but  also  from  indirect 
EHGW  use  through  the  production  of  other  consumer  items  [4]. 

Due  to  the  increase  of  urban  consumption  of  services  such  as 
education,  culture,  health,  travel,  sports,  and  similar  activities,  the 
proportion  of  consumption-based  C02  emissions  caused  by  service 
industries  rapidly  increased  within  the  total  CCEU  from  2002  to 
2007  in  most  provinces.  This  is  especially  true  in  the  less- 
developed  but  energy-abundant  provinces,  such  as  Shanxi  (from 
13%  to  34%),  Inner  Mongolia  (from  11%  to  34%),  and  Anhui  (from 
18%  to  34%).  Although  the  shares  of  total  CCEC  due  to  emissions 
from  the  service  sector  kept  stable  in  some  developed  munici¬ 
palities  during  the  period  2002-2007,  the  absolute  amount  of 
consumption-based  C02  emissions  caused  by  service  sectors 
increased  greatly,  such  as  in  Shanghai  (from  6  Mt  to  13  Mt)  (Fig.  4). 


3.2.  Inter-provincial  movement  of  consumption-based  C02  emissions 

The  share  of  provincial  consumption-based  C02  emissions  due  to 
consumption  of  goods  and  services  produced  within  the  same 
province  decreased  from  79%  (2785  Mt)  in  2002  to  72%  (3907  Mt)  in 
2007.  Correspondingly,  only  10%  (351  Mt)  of  total  consumption-based 
C02  emissions  were  embodied  in  inter-provincial  trade  in  2002,  and 
grew  to  16%  (864  Mt)  in  2007  (Tables  A.7  and  A.8).  For  a  sense  of 
comparative  scale,  note  that  this  increment  is  roughly  equivalent  to 
the  annual  C02  emissions  of  Canada,  the  world’s  eighth  largest 
production-based  emitter  [1]  (Table  A.9).  Among  the  total  increment 
of  consumption-based  C02  emissions  transfer,  CCEC  embodied  in 
interprovincial  trade  increased  by  255  Mt  (29%  of  the  total  increment 
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of  CCEC),  and  CCEU  embodied  in  interprovincial  trade  increased  by 
233  Mt  (32%  of  the  total  increment  of  CCEU). 

Highly  developed  municipalities,  like  Shanghai  and  Tianjin,  have 
shown  that  almost  all  increases  of  CCEC  came  from  interprovincial 
imports,  especially  from  nearby  provinces.  For  example,  the  incre¬ 
ments  of  CCEC  in  Shanghai  were  mainly  from  Zhejiang  (11%)  and 
Anhui  (14%)  in  2007  (Table  A.10).  Some  less-developed  provinces  in 
the  WR,  such  as  Ningxia,  Guizhou,  Yunnan,  and  Xinjiang,  showed 
similar  phenomena  as  the  highly  developed  municipalities  (Fig.  5a), 
although  the  total  amount  of  CCEC  increments  were  small.  This  was 
caused  by  the  fact  that  industrial  technologies  in  these  provinces 
remained  largely  outmoded,  and  meeting  demand  for  capital  invest¬ 
ment  goods  from  local  sources  was  difficult. 

In  contrast,  only  small  shares  of  the  increments  of  CCEC  embodied 
in  interprovincial  imports  occurred  in  the  richer  eastern  provinces, 
which  have  stronger  production  capacities  in  manufacturing  indus¬ 
tries  (e.g.,  machinery  and  equipment).  For  example,  less  than  1%  of  the 
increases  to  total  CCEC  in  Zhejiang  (768  t)  and  Shandong  (982  t)  were 
caused  by  interprovincial  imports.  Similar  situations  were  seen  in  fast- 
developing  and  energy-rich  provinces  in  other  regions,  like  Jiangxi, 
Hubei,  Jilin,  Chongqing,  and  Sichuan  (Fig.  5b).  In  Fig.  5b,  the  share  of 
inter-provincial  import  to  the  total  increment  of  CCEC  was  negative 
from  2002  to  2007  in  Jiangxi.  It  is  because  the  increment  of  CCEC 
embodied  in  inter-provincial  import  was  a  negative  value,  and  the 
total  increment  of  CCEC  was  a  positive  value  (Fig.  A.2). 

The  increments  of  CCEU  from  2002  to  2007  were  mainly  embo¬ 
died  in  interprovincial  imports  in  China’s  municipalities,  including 
Beijing  (60%),  Tianjin  (85%),  Shanghai  (84%),  and  Chongqing  (52%).  For 


less-developed  provinces  in  the  WR,  like  Xinjiang,  Shaanxi,  Gansu,  and 
Qinghai,  the  shares  of  the  increments  to  CCEU  from  interprovincial 
imports  were  more  than  40%  because  of  outmoded  commodities 
manufacturing  coupled  with  demands  associated  with  rapid  urbani¬ 
zation  (Fig.  5c).  In  contrast,  relatively  wealthy  and  resource-rich 
provinces  like  Hunan,  Hubei,  Liaoning,  and  Inner  Mongolia  showed 
only  small  shares  of  increments  in  CCEU  from  interprovincial  imports 
(Fig.  5d). 

3.3.  Levels  of  provincial  consumption-based  C02  emissions 

Consumption-based  C02  emissions  intensities  (emissions  per  unit 
of  GDP)  sharply  decreased  in  all  regions  from  2002  to  2007.  Despite 
the  smallest  decrease  rates  in  provinces  of  the  ER,  consumption-based 
C02  emission  intensities  were  still  much  less  than  in  other  regions 
because  of  their  higher  GDPs  and  rapid  improvements  in  production 
technologies  [4],  Consumption-based  C02  emissions  intensities  in  the 
WR  were  greater  than  the  developed  regions,  but  had  a  much  higher 
rate  of  decrease  (declining  48%  in  five  years).  For  example,  Ningxia 
(in  the  less-developed  WR)  showed  the  highest  consumption-based 
carbon  intensity  in  2007  (4.1  kg/USD),  which  was  about  five  times  that 
of  Guangdong  (0.8  kg/USD)  in  the  developed  ER  (Table  1).  Never¬ 
theless,  even  in  the  most  energy-efficient  province  of  Guangdong, 
consumption-based  C02  emissions  intensity  was  still  much  higher 
than  that  of  developed  countries  such  as  Japan  (0.34  kg/USD)  and  the 
UK  (0.26  kg/USD)  [2], 

The  per  capita  consumption-based  C02  emissions  increased 
rapidly  for  most  provinces  from  2002  to  2007.  The  ER  showed  the 
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Fig.  5.  The  top  10  (upper  panels)  and  bottom  10  (lower  panels)  provinces  sorted  by  share  of  the  increment  of  consumption-based  C02  emissions  embodied  in  inter-provincial 
imports  to  the  total  increment  of  consumption-based  C02  emissions  caused  by  capital  formation  (CCEC)  ((a)  and  (b)),  and  by  urban  consumption  (CCEU)  ((c)  and  (d)),  color-coded 
by  per  capita  gross  domestic  product. 
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Table  1 

Consumption-based  C02  emissions  intensity  and  per  capita  C02  emissions  at  provincial  level  in  2002  and  2007. 


Regions 

Provinces 

Consumption-based  C02 

emissions  intensities  (kg/$) 

Consumption-based  C02 

emissions  per  capita  (t/capita) 

2002 

2007 

Growth  (%) 

2002 

2007 

Growth  (%) 

Eastern  region  (ER) 

Beijing 

2.08 

1.39 

-33.2 

7.65 

11.02 

44.1 

Tianjin 

2.70 

1.68 

-37.7 

6.96 

10.41 

49.7 

Hebei 

3.68 

1.32 

-64.2 

3.97 

3.40 

-14.5 

Shanghai 

2.44 

1.74 

-28.8 

9.88 

13.82 

39.9 

Jiangsu 

1.32 

0.89 

-32.6 

2.28 

3.94 

72.6 

Zhejiang 

1.20 

1.29 

7.1 

2.43 

6.15 

153.1 

Fujian 

1.14 

1.03 

-9.9 

1.78 

3.47 

95.3 

Shandong 

1.92 

1.41 

-26.5 

2.62 

5.10 

94.7 

Guangdong 

1.22 

0.81 

-34.0 

2.26 

3.49 

54.7 

Hainan 

6.65 

1.57 

-76.5 

6.22 

3.06 

-50.9 

Mean 

1.89 

1.26 

-33.4 

3.32 

5.31 

59.9 

Central  region  (CR) 

Shanxi 

5.85 

2.52 

-56.9 

4.99 

5.89 

18.0 

Anhui 

3.17 

1.70 

-46.4 

2.20 

2.69 

22.5 

Jiangxi 

3.09 

2.21 

-28.5 

2.17 

3.86 

78.1 

Henan 

2.45 

1.32 

-46.0 

1.86 

2.79 

50.2 

Hubei 

2.60 

1.71 

-34.3 

2.33 

3.67 

57.7 

Hunan 

2.16 

1.51 

-30.2 

1.63 

2.94 

80.3 

Mean 

2.89 

1.64 

-43.2 

2.22 

3.24 

45.5 

Western  region  (WR) 

Inner  Mongolia 

4.57 

2.04 

-55.4 

4.49 

7.09 

57.7 

Guangxi 

2.18 

1.49 

-31.6 

1.38 

2.40 

73.7 

Chongqing 

2.90 

1.77 

-39.1 

2.48 

3.86 

55.7 

Sichuan 

1.98 

1.58 

-20.3 

1.39 

2.69 

93.5 

Guizhou 

5.49 

2.75 

-49.8 

2.15 

2.88 

33.9 

Yunnan 

3.31 

1.81 

-45.3 

2.13 

2.51 

18.0 

Shaanxi 

4.26 

1.48 

-65.2 

3.17 

3.03 

-4.4 

Gansu 

5.71 

2.13 

-62.8 

3.36 

2.96 

-11.7 

Qinghai 

7.39 

2.62 

-64.6 

5.75 

4.97 

-13.6 

Ningxia 

9.81 

4.10 

-58.2 

7.82 

8.12 

3.9 

Xinjiang 

3.36 

1.96 

-41.6 

3.44 

4.34 

26.2 

Mean 

3.42 

1.77 

-48.2 

2.39 

3.18 

32.9 

Northeastern  region  (NER) 

Liaoning 

2.20 

1.54 

-30.0 

3.44 

5.25 

52.5 

Jilin 

2.09 

2.73 

30.6 

2.19 

6.94 

216.4 

Heilongjiang 

4.84 

2.19 

-54.8 

5.58 

5.35 

-4.1 

Mean 

2.93 

1.83 

-37.5 

3.79 

5.23 

38.1 

Total 

Total 

2.44 

1.47 

-39.7 

2.79 

4.15 

48.7 

largest  rate  of  increase  (growing  60%  in  five  years),  while  the  WR 
had  the  smallest  (33%)  over  the  same  period.  For  developed 
municipalities  in  the  ER,  such  as  Beijing,  Tianjin,  and  Shanghai, 
their  per  capita  consumption-based  C02  emissions  ranging  from 
11.0  to  13.8  t/capita  were  already  comparable  to  the  Japanese  level 
(11.7  t/capita)  in  2007  [2]  (Table  1). 

For  most  developing  and  energy-scarce  provinces  in  the  CR  and 
WR,  the  per  capita  consumption-based  C02  emissions  were  still  very 
small  in  2007.  For  example,  Guangxi  (in  the  less-developed  WR) 
showed  the  lowest  per  capita  consumption-based  C02  emissions 
(2.4  t/capita),  only  one  sixth  that  of  Shanghai.  However,  in  energy- 
rich  central  and  western  provinces,  the  per  capita  consumption-based 
C02  emissions  were  relatively  high,  such  as  in  Shanxi  (5.9  t/capita)  and 
Inner  Mongolia  (7.1  t/capita).  This  is  due  to  rapid  increases  of  coal 
consumption  to  support  large-scale  urbanization  and  industrialization 
in  these  provinces  [42], 


4.  Policy  implications 

4.1.  Transforming  the  direction  of  capital  investment 

Increases  of  capital  consumption-based  C02  emissions  were 
mainly  caused  by  the  growth  of  consumption  of  construction  and 
ME,  which  are  both  C02-intensive  sectors  from  a  life-cycle  per¬ 
spective.  To  control  the  growth  of  C02  emissions  from  consump¬ 
tion  of  capital  goods  and  services,  government  should  set  a  series 


of  policies  to  alter  conventional  capital  investment  practices.  For 
example,  a  carbon  tax  could  be  gradually  implemented  according 
to  different  economic  development  and  industry  characteristics  in 
various  provinces,  with  national  coordination  [43]. 

Given  the  relatively  advanced  state  of  transportation  and  other 
infrastructure  systems  in  China’s  developed  municipalities,  it  is 
necessary  to  mitigate  C02  emissions  from  capital  consumption  by 
reducing  demands  for  steel,  cement,  and  ME.  For  example,  the  capital 
investment  could  be  shifted  to  high-technology  IT  applications,  new 
energy  development,  education,  and  other  lower-carbon  industries, 
instead  of  investing  in  more  road  and  real  estate  construction  projects. 
Due  to  the  advantages  of  manufacturing  technologies  in  some  devel¬ 
oped  provinces  of  the  ER,  it  will  be  useful  to  shift  from  traditional 
high-C02-emiting  manufacturing  industries  (e.g.,  textiles,  paper,  and 
ME)  to  strategic  emerging  industries  as  proposed  in  China’s  12th  Five 
Year  Plan  (e.g.,  high-end  equipment  manufacturing  and  bio-industry). 


4.2.  Promoting  green  lifestyles 

The  most  C02-intensive  sectors  of  urban  consumption  shifted 
somewhat  over  the  2002-2007  period,  from  food  and  textiles  to 
services  and  EHGW.  This  reflects  that  China’s  urban  household 
consumption  has  increasingly  reflected  a  more  energy-intensive 
lifestyle  afforded  by  higher  incomes.  For  example,  there  were  95 
air  conditioners  per  100  families  among  China’s  urban  residents  in 
2007,  and  the  number  has  already  increased  to  122  in  2011.  Indeed 
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for  urban  residents  living  in  the  developed  region  of  ER,  there 
were  171  air  conditioners  per  100  families  [41,44]. 

China’s  Eighteenth  National  People’s  Congress  endorsed  further 
development  of  urbanization  and  industrialization  among  the 
most  important  development  orientations  for  the  next  decade. 
Therefore,  there  will  be  stronger  demographic  shifts,  with  people 
migrating  from  rural  to  urban  areas  and  from  the  WR  and  CR  to 
the  coastal  ER  [45],  At  the  same  time,  economic  policies  seek  to 
gradually  shift  from  export-driven  to  consumption-led  growth. 
Urban  consumption  C02  emissions  are  thus  in  keeping  with 
expected  increases  in  the  future. 

Therefore,  it  is  crucial  for  China’s  government  to  guide  the 
public  towards  sustainable  lifestyle  choices  that  can  mitigate  C02 
emissions  from  urban  consumption.  For  example,  policy  makers 
could  adopt  incentive  measures  (e.g.,  subsidies  of  energy-saving 
products  [46])  to  encourage  the  public  to  choose  low-carbon 
products  and  public  transportation.  Moreover,  carbon  tax  for  some 
high-emission  commodities  could  be  imposed  to  restrict  excessive 
consumption.  For  instance,  it  is  reasonable  to  impose  vehicle 
environmental  taxes  to  control  the  rapid  growth  of  the  vehicle 
population  and  abate  associated  emissions  [47], 


4.3.  Optimizing  domestic  C02  emission  transfer 

Consumption  C02  emissions  embodied  in  interprovincial  trade 
increased  by  531  Mt  from  2002  to  2007.  Large  shares  of  the  incre¬ 
ments  of  consumption  C02  emissions  for  this  period  were  from 
interprovincial  trade  in  highly  developed  municipalities  (Fig.  5a 
and  c).  Because  these  cities  face  double  pressures  from  rapid  growth 
of  local  consumption  and  C02  emissions  intensity  targets  that  are 
higher  than  other  parts  of  China,  they  transfer  many  energy-intensive 
indusrties  to  inland  provinces  where  there  are  more  energy  reserves 
and  lower  population  densities. 

Nevertheless,  relocation  of  energy  and  resource  exploitation  can 
result  in  resource  optimization  at  the  national  level  and  directly 
stimulate  economic  development  in  less-developed  regions  by  using 
relatively  less  energy  and  more  advanced  technologies.  In  other  words, 
there  is  an  efficiency  gain  in  the  current  structure  of  production  [48], 
Actually,  a  cap  and  trade  scheme  has  already  been  considered  among 
some  pilot  provinces  in  China.  A  domestic  clean  development  mecha¬ 
nism  (CDM)  would  be  developed  so  that  participating  provinces 
would  be  allowed  to  cany  out  some  of  their  emissions  reduction 
obligations  in  less-developed  provinces  and  obtain  carbon  credits  in 
return  [49], 


4.4.  Sharing  both  production-  and  consumption-based 
responsibilities 

Despite  being  the  second  ranking  emitter  of  consumption-based 
C02,  China’s  per  capita  consumption-based  emissions  in  most  pro¬ 
vinces  were  still  much  lower  than  those  of  developed  countries.  For 
example,  per  capita  C02  emissions  were  only  3.2  t  in  2007  in  the  WR, 
just  one  fourth  of  the  Japanese  level.  However,  per  capita  consum¬ 
ption-based  C02  emissions  will  inevitably  increase  in  most  provinces 
of  China  with  continuing  economic  development,  urbanization,  and 
changes  in  lifestyles.  Supposing  China’s  per  capital  consumption  C02 
emissions  were  to  increase  to  the  level  of  Japan,  this  would  be  by 
nearly  twice  the  current  level.  In  that  case,  China  would  face 
tremendous  pressures  with  regards  both  to  energy  demand  and 
emissions  reduction,  and  would  likely  become  a  net  C02  emissions 
importer  like  US.  This  is  untenable  for  the  world  and  the  climate.  Thus, 
it  is  crucial  to  for  China’s  government  to  work  towards  controlling  C02 
emissions  from  the  consumption  perspective. 


5.  Conclusions 

The  results  reported  here  demonstrate  that  consumption-based 
C02  emissions  rapidly  increased  in  most  provinces  of  China  during 
2002-2007.  Given  high  economic  growth  and  urbanization  over  the 
last  decade,  capital  investment  and  urban  consumption  played  pri¬ 
mary  roles  in  raising  consumption-based  C02  emissions.  Therefore,  it 
is  essential  to  shift  the  capital  investment  orientation  and  to  promote 
low-carbon  consumption  patterns  of  residents  to  control  C02  emis¬ 
sions,  but  based  on  the  distinctive  features  of  provinces  in  terms  of 
their  economies,  energy  resources  and  consumption,  and  industrial 
capacities.  Given  more  and  more  emissions  transfer  among  provinces 
and/or  regions  to  support  local  consumption,  a  cap-and-trade  policy 
can  be  adopted  among  municipalities  and  their  neighboring  provinces 
to  optimize  the  domestic  C02  emission  transfer  at  the  national  level 
from  a  consumption-based  perspective. 

In  the  future,  more  research  is  needed  on  the  interactions  among 
the  supply  chains  of  sectors  within  China,  which  will  provide  more 
accurate  information  about  factors  driving  the  increases  of  consum¬ 
ption-based  C02  emissions.  Currently,  uncertainties  from  underlying 
MRIO  and  energy  data  contribute  to  uncertainties  of  the  estimates  of 
consumption-based  C02  emissions  for  each  province.  Improving  the 
social-economic  data  and  energy  statistics  to  provide  more  accurate 
data  will  help  reduce  this  uncertainty.  In  addition,  linking  China’s 
MRIO  models  (2002  and  2007)  to  a  global  MRIO  model  is  advised,  to 
reduce  uncertainties  concerning  emissions  imbedded  in  international 
imports. 
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